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INTRODUCTION
The soil water retention curve (SWrC) and the pore size distribution curve (PSDC) have been widely used to characterize the soil structure (Assouline et al. 1997 , Hajnos et al. 2006 , Pires et al. 2008 , Cássaro et al. 2011 , Dos reis et al. 2018 . The SWrC of structured soils usually presents more than one inflection point, which provide different peaks in the PSDC (Kutílek et al. 2006 ). The soil porosity is then classified as mono, bi or multimodal, considering the number of peaks in the PSDC (Lu et al. 2014) . For instance, bimodal featured soils have their pores possibly occurring in two domains: matrix or textural (intraaggregate pores) and structural (inter-aggregate In order to determine the SWrC, the van genuchten model (van genuchten 1980) is often employed to parameterize data of soil water content (θ) as function of the matric potential (h) (Auler et al. 2014 , 2017b , Pires et al. 2017b , Naveed et al. 2014 . Nonetheless, there are other acceptable models currently used to achieve this aim (Fredlund and Xing 1994 , Leong and Rahardjo 1997 , Karup et al. 2017 . The adjustment function referred as cubic spline fits well to almost all (θ, h) data sets and it provides greater details when interpolating the SWRC (Kastanek and Nielsen 2001 ). This function makes it possible to identify multimodal structured soils through the PSDC , Ogunwole et al. 2015 , Pires et al. 2017c ).
Soil acidity is considered a limiting factor to the yield in extensive areas of the world, especially in tropical and subtropical regions. In this way, liming is a known practice to increase the soil pH and to ameliorate the availability of nutrients such as calcium (Ca) and phosphorum (P) to plants (edmeades and ridley 2003) . This practice may be applied together with soil tillage operations when a more effective correction of soil acidity is desired, especially over the soil depth (Weirich Neto et al. 2000) . Nonetheless, the surface liming (without incorporation methods) is usually chosen when no-till system (NTS) is used (godsey et al. 2007 , Barbieri et al. 2015 , Joris et al. 2016 , Dos Santos et al. 2018 . Caires et al. (2006) showed that surface liming on NTS stood out in terms of soil structure conservation and economic return.
As reported by Schack-Kirchner and Hildebrand (1998), liming stimulates the biological activity and enhances the aeration status of the soil. Haynes and Naidu (1998) highlighted that, in the long-term, liming can raise the soil organic matter content. In turn, Bortoluzzi et al. (2010) verified that the electrochemical changes caused by liming increased the soil aggregate stability. Also, liming has reportedly changed soil physical properties by increasing the volume of total and large voids (equivalent to an area > 1000 µm 2 ) (grieve et al.
2005
) and affecting soil water retention and soil porous system (Auler et al. 2017a, b) , especially on NTS. Soil aggregates are preserved when the soil is under NTS, with adequate crop rotation, because it requires minimum soil revolving and consequently avoids soil pore ruptures, providing a more stable porosity (Sauer et al. 1990 , Tavares-Filho et al. 2014 . Thus, considering that the combination of NTS with liming, in crop rotation systems, is expected to improve the soil porous system, the goals of this study were to investigate possible effects of surface liming on the soil structure as analyzed by water retention data (SWrC and PSDC) using a cubic spline adjustment function.
MATERIAL AND METHODS

SOIL SAMPLINg
The soil samples were collected in a site located in the Se region of Paraná State (25°28'S, 50°54'W and 821 m a.s.l), Brazil. The soil under study is classified as a Dystrudept silt-clay (Soil Survey Staff 2013) or "Cambissolo Háplico Alumínico" based on the Brazilian System of Soil Classification (Santos et al. 2013 ). According to the Köppen classification, the region has a humid subtropical climate (Cfb), with average temperature in the coldest month below 18 ºC and the occurrence of frequent frost (mesothermal), mild summers, and average temperature in the hottest month below 22 ºC without a defined dry season. The average annual rainfall is approximately 1,600 mm, and while August is the driest month, January is the month with the highest rainfall (Iapar 2009). The rainfall and temperature data registered from the beginning of the experiment and the region background average are presented in Dos Santos (2015) .
Prior to the establishment of the study, the soil had been managed in continuous grazing systems at low stocking rate. In brief, the soil presented during the common bean (P. vulgaris L.) reproductive stage period (flowering), aiming to appropriately cover spatial variability, four disturbed soil samples (considered as replications) were collected from each band, at 0-10 cm and 10-20 cm soil layers. The 24 undisturbed samples were collected in steel cylinders (5 cm high and 4.8 cm inner diameter), with the help of an Uhland sampler, while the disturbed soil samples were collected using a shovel.
SOIL ANALYSeS
Effects of liming on chemical attributes of the soil under study were published elsewhere (Ferreira et al. 2018a ) and are presented in Table II for a better understanding of the effects addressed here.
The excess soil outside the cylinders containing the undisturbed samples was trimmed off and top and bottom surfaces were made flat to ensure that the soil volume was equal to the internal volume of the cylinders. Subsequently, the samples were saturated by capillarity, slowly raising the level of water until right below the superior surface of the samples (Dane and Hopmans 2002) .
In order to determine the SWrC, the saturated samples were submitted to the matric potentials satisfactory physical quality but severe degradation in terms of acidity and nutrient content, as demonstrated in Dos Santos (2015) and Auler et al. (2017a, b . The lime rates were calculated to raise the base saturation in the topsoil (0-20 cm) to 70% and 90%. The lime used presented 285 and 200 g/kg of CaO and MgO and 100.6, 74.7 and 75.1% neutralizing power, reactivity and total neutralizing relative power, respectively.
According to Table I , the crop sequence in the experiment was black oat (Avena strigosa S.) + hairy vetch (Vicia villosa r.), corn (Zea mays L.), black oat, corn, black oat and common bean (Phaseolus vulgaris L.) (Auler et al. 2017a, b) . A sowingfertilizing machine equipped with plane discs was used to open furrows and a double disc to deposit fertilizer and seed for the crops sowing (Table I ). All crops were conducted without irrigation.
Thirty one months after the liming procedure (between December, 2014 and January, 2015), -300, -500, -700, -1000, -4000, -7000 cm H 2 O in a pressure chamber (1500 model, Soil Moisture equip. Corp. ® ). After the last applied matric potential, the samples were stove dried (105 °C / 48 h) and their mass was measured using a precision balance. The gravimetric soil water content data were converted to volumetric (θ) values using the relation between the gravimetric water content and the soil bulk (determined for each sample) and water densities (Klute 1986 , Hillel 1998 . Data of θ(h) was transformed into its parametric form S(h) (relative saturation) and a cubic spline function was used to fit the experimental data of S(h) versus lnh resulting in a smooth curve which represents the SWRC (Kastanek and Nielsen 2001, Kutílek et al. 2006) . Water matric potentials were converted to the equivalent pore diameter (d) using the relation d = 2,980/h, with d and h given in μm and cm, respectively (Kutílek and Nielsen 1994) . After this transformation, dS/dlnh versus d represented the PSDC. -dS/d(lnh) L0/15/20 (10-20 cm) , was also plotted in order to highlight the variations in depth.
The SWrCs were also adjusted by the van genuchten mathematical model, with Mualem's restriction (m=1 -1/n) (van genuchten 1980 (van genuchten , Mualem 1986 ):
where θ sat and θ res are the saturation and residual volumetric water contents, respectively; α, n and m are empirical adjustment parameters of the model, which depend on the shape of the θ(h) curve. The parameters of adjustment were obtained by the software SWrC FIT (Seki 2007).
Linear correlation analyses were performed between volume data in terms of relative saturation (S) obtained through the cubic spline and van genuchten adjustments. In this case, the classes of pore size (f 0.5-50µm , f 50-500µm , f >500µm) were defined in terms of d, as established by greenland (1977), depending on the hydraulic role played by the different sized pores (Table III) . Considering the cubic spline adjustment, the sum of the volumes obtained for peaks 1 and 2 ( Fig. 1) corresponds to the volume of pores enclosed by the f 0.5-50µm class and the volume obtained for the peak 3 corresponds to the volume of pores enclosed by the f 50-500µm class (Table III) . Considering the van genuchten adjustment, the volumes of the f 0.5-50µm and f 50-500µm classes are equal to the difference between the S(d) values for 0.5 µm ≤ d ≤ 50 µm and 50 µm ≤ d ≤ 500 µm, respectively. (Fig. 2a-b) , it is possible to observe that L15 and L20 present similar behavior in comparison to L0, at both soil layers. This is highlighted in Fig. 2c-d , which show the absolute difference between S(h) values for L15 and L20 in relation to L0. At 0-10 cm soil layer, the arrangement of pores is such that the water is slightly less strongly retained in L15 and L20, in comparison with L0, considering high matric potentials (0 < lnh < 4). At lower matric potentials (lnh > 4), the water retention becomes stronger for L15 and L20 in relation to L0 (Fig. 2a, c) . On the other hand, at 10-20 cm soil layer, L20 presents a slightly stronger water holding for all matric potentials (Fig. 2b, d ).
RESULTS
From the SWrCs
All treatments presented PSDCs containing three distinct peaks (Fig. 2e-f) , which led to the consideration of the soil porosity as being trimodal (Kutílek 2004) . Peaks 1, 2 and 3 typically represent the matrix and structural porosity domains as exemplified in Fig. 1 . The structural and matrix domains are separated by d varying from 9.18 µm to 13.18 µm (Fig. 2e-f) .
The peaks position in the structural domain (32.54 µm and 80.32 µm) did not vary neither due to lime treatments on NTS, within each layer, nor between soil layers for each lime treatment (Fig.  2e-f ). In the matrix domain, at both soil layers, L0 and L15 presented peaks associated to smaller d sizes (3.72 µm) in comparison with L20 (4.46 µm -0-10 cm; 5.34 µm -10-20 cm) (Fig. 2e-f ). This means that the higher dose of surface lime can influence on the increase of the main d of the intra-aggregate pores responsible for the high water retention. Besides, with the lime doses, the separation between the peaks from matrix and structural domains became better defined.
The absolute difference between the S(d) value for two successor lower PSDC points give the volume of pores enclosed by each of the peaks (1, 2 and 3) illustrated in Fig. 1 . Thus, the volumes corresponding to the peaks 1, 2 and 3 in Fig. 2e-f were plotted as function of the treatments (L0, L15 and L20) in Fig. 3 . As seen in Fig. 3a , at 0-10 cm, the pore volume enclosed by peak 3 is larger than the pore volume associated to the peak 2, for all treatments. However, from L0 on, the pore volume decreases for peak 3 and, at last, the pore volumes for peaks 2 and 3 turn close. Still in Fig.3a , the pore volume related to the peak 1 (matrix domain) undergoes an increase for L15 and L20 in comparison to L0. In this context, L15 and L20 count on a higher proportion of pore volume in the matrix region than in the structural region associated with peak 3. According to Table  3 , a higher contribution of the pore volume in the matrix region should promote greater capacity of soil water retention.
The same approaching trend observed at 0-10 cm between the pore volumes ascribed to the peaks in the structural domain (2 and 3) (Fig. 3a) is seen at 10-20 cm from L0 to L15 and L20 (Fig. 3b) . On the other hand, at 10-20 cm, the pore volume enclosed by the peak in the matrix domain (1) decreases from L0 to L15 and L20, becoming inferior to the pore volume of peak 3. Nevertheless, the water holding conditions are still favorable to L15 and L20 since, in these cases, the pore volume of peak 3 is somewhat lower than that for L0.
As can be seen in Fig. 2g , at 0-10 cm, the PSDCs for L15 and L20 show similar absolute difference in relation to L0 in the matrix domain.
Hence, it is reasonable to admit that the different lime doses increased not only the volume (Fig.  3a) but also the frequency of intra-aggregate pores (Fig 2g) in a very close extend. Still at 0-10 cm, considering the structural domain, L20 presents larger absolute difference than L15 in relation to L0, mainly in the region of peak 2 (Fig. 2g) , which is in line with the increase in volume associated to this peak (Fig. 3a) .
At 10-20 cm, L20 presents considerably larger difference than L15 in relation to L0 in the matrix domain (Fig. 2h) . In the structural domain, although the volumes of pores enclosed by peaks 2 and 3 underwent a slightly decrease from L0 to L15 and L20 (Fig. 3b ), L15 and L20 caused similar increasing effect on the frequency of pores (Fig. 2h) .
The difference on PSDC between layers is small for all peaks of L0 (Fig. 4a-b) . On the other hand, for L15 (Fig. 4c-d) and L20 (Fig. 4e-f ), the differences between layers become more pronounced, mainly considering the first peak of the structural domain.
As can be seen in Table IV , the pore volumes of the f 0.5-50µm and f 50-500µm classes found by the van genuchten adjustment overestimate those found by the cubic spline adjustment. It happens because, in the cubic spline adjustment, the evaluated pore classes are limited not exactly by d values in the (1) and structural (2 and 3) porosity domain (see Fig. 1 ) as a function of the treatments for the (a) 0-10 cm and (b) 10-20 cm soil layers. 0.5-50 µm and 50-500 µm intervals, but instead by the boundaries of the peaks (1+2) and (3) (Fig.  1) . Consistent correlations between the volumes estimated through van genuchten and cubic spline adjustments were determined for both pore volume classes and both considered soil layers.
DISCUSSION
Surface liming might change soil water retention processes and pore size distribution , b, Auler 2018 . regarding the changes seen in d in the matrix domain (Fig. 2e-f) , a possible explanation might be related to the fact that a higher proportion of CaO was found for L20 (68.71 g kg -1 ) in comparison with L15 (22.69 g kg -1 ) and L0 (0 g kg -1 ) by X-ray fluorescence analysis (Ferreira et al. 2018a) . As a consequence, it is likely that L20 also has a higher Calcite contribution resulted from the non-reacted lime added fraction, which end up leading to crust formation (Valdes-Abellan et al. 2017). These mineral clusters not only present inner porosity but also may fit to the soil particles in a way that the matrix porosity is modified. Since no acidity improvement was seen at 10-20 cm (Table 2) , a hypothesis for explaining the higher absolute differences between PSDCs observed at this layer (Fig. 2h) could be an indirect effect of the enhanced root development that is expected as consequence of liming (Castro and Crusciol 2013) . In addition, Ferreira et al. (2018b) showed that, although the soil acidity attributes were not affected by liming at 10-20 cm, the pattern of pores was modified by liming at both soil layers (0-10 cm and 10-20 cm), with the formation of cylindrical horizontally oriented pores, which are probably due to stimulation of earthworm activity.
The largest pore volume in the region of the matrix domain of L15 and L20 in relation to the structural domain (Fig. 3a) might be attributed to alterations in the process of soil aggregation due to liming . It has been frequently reported that liming initially acts increasing the dispersion of particles in the soil as a consequence of its increased soil pH (roth and Pavan 1991). On the other hand, the dispersive effect is suppressed over time by the increase of the ionic strength of the soil solution due to the contribution of Ca 2+ and Mg
2+
ions, which favors the flocculation of the dispersed particles (Haynes and Naidu 1998, Bronick and Lal 2005, Auler et al. 2017a and Bremner 1967 , Baldock et al. 1994 , Briedis et al. 2012 . The flocculated particles tend to be closer to each other (Khorshidi and Lu 2016) so that the volume of intra-aggregate pores tends to be increased. Such hypotheses corroborate with the findings of Auler et al. (2017b) . These authors verified that the soil microporosity (d < 50 µm) and the water retention at 0-10 cm were increased with a 15 t ha -1 lime rate in comparison to the non-limed soil.
On the other hand, in the structural domain (Fig. 3) , the results might be related to biopore formation in the soil through (i) the slow and gradual decomposition of the fasciculate roots and stolons of the forage which covered the area prior to the experiment installation; (ii) crop root growth increases; and (iii) higher density and activity of the soil macrofauna (Auler et al. 2017b ).
The present study is innovative concerning the investigation of liming effects on the multimodality of soil porosity. However, previous studies have investigated the multimodality of the soil porosity due to different tillage practices , Cássaro et al. 2011 , Pires et al. 2017c , different types of soils (Pires et al. 2008) , and different fertilization regimes (Zhou et al. 2017 (0-10, 10-20, and 20-30 cm) . This is in line with the similarities found on PSDCs between soil layers for L0 (Fig. 4a-b) , which has only the NTS effect (no lime application).
Ferreira et al. (2018b) used X-ray microtomography images to analyze effects of liming on the porous system of the same soil considered here. The mentioned authors found no significant difference on soil porosity and number of pores (for a voxel size of 60 μm) between soil layers (0-10 cm and 10-20 cm) for L0 but, for L20, the 0-10 cm layer was found to be more porous with fewer isolated pores in comparison with 10-20 cm. These results corroborate the greater differences of PSDCs determined between layers for L15 and L20 (Fig. 4d, f ) in relation to L0 (Fig. 4b) .
CONCLUSIONS
1. The silty-clay "Cambissolo Háplico Alumínico" (Dystrudept) presented a trimodal porosity when analyzed by the cubic spline adjustment considering all treatments (no-till system without liming and no-till system with different lime doses) and both layers (0-10 cm and 10-20 cm). Yet, greater changes among treatments were found in the matrix than in the structural domain for both layers; 2. Based on the cubic spline analyses, no-till with surface liming has diminished the volume of larger pores (known as transmission pores) both at 0-10 cm and at 10-20 cm soil layers. Besides, it enlarged the volume of smaller pores (storage pores) at the surface layer; 3. good correlation was found between volume of pores attributed to corresponding classes of pore size determined by the cubic spline and van genuchten adjustments. However, the considered adjustments did not agree quantitatively with each other: overestimation of pore volumes determined by van genuchten in relation to cubic spline.
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